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E1,ECRONIC PROP RIES AN) CI IRRLNT CARRYING CAPACITY
OF HIGH-TEMPERAIUIRE C-RAMIC SIPERCONDUCTORS

FE. Jones. W.C. McGinnis. R.D. Bos. E.W..acobs.
.1W. Schindler. and C.D. Rees

Naval Ocean Systems Center

San Diego. California

ABSTRACT

Samples of both the YlaICo1'0 7 family of high-temperature ceramic superconductor and the layered Net of bismuth-hased
superconductors. described hv the set of crystal structures BinSriCa n  CunO2n 4+6. were synthcsi/ed and characteri/ed by x-ray

dilfraction. and temperature-dependcnt resistivity and thermoclectric-power measurements. Superconductivity in the yttrium-hased

materials is relatively insensitiec to rarc-earth substitutions Ior the vttrium. Critical current measurements on these material,, reveal
two characteristic critical current salues. The intrinsic critical current. determined by the suppression of the transition midpoint. is

estimated to be greater than l04 A cm
2 at 77 K. The critical current defined bv the R z-0 point is much less in hulk ceramics and

limited by intercrystalline weak links. For the bismuth-hased materials, two high-temperaturc superconducting phases have been
ohserved with transition temperatures near ,0 K and 110 K. E.idence from thermoelectric power measurements is p'esented shichi
shows that both electronlike and holelike carriers contribute to the electrical transport in this lamily of ceramic superconductors.
However. all of the superconducting transitions obsersed insolse holelike states.

INTRODUCTION

The report by Bednor7 and Mtiller I 
of superconducti.ity above 30 K in La2CuO 4 doped with barium or strontium has led

superconductivity research into new directions. After having reached a mature level with A15 pha;e materials with superconducting
transitions up to 23-K. interest in this field waned due to the extreme cryogenic environment required to achieve the superconducting
state. Within a few months of the 30 K report, yet another high-temperature superconductor was announced with a superconducting
critical temperature. Tc . above 90 K. 2 This material, shortly thereafter identified as YBa 2Cu 3 0 7 .3 superconducted well above the
temperature of liquid nitrogen. 77 K. The 30 K lanthanum material forms in the perovskitclike K 2 NiF4 crystal structure.

4 Numerous
other materials are known to exist in this structure. Most are insulating and none were previously found to be superconducting. The
90 K yttrium superconductor. however, has an entirely new crystal structure not previously seen in nature. One striking feature of both
the 30 K lanthanum and 90 K yttrium materials are planes of copper and oxygen (Cu-O). In addition, the yttrium material has a
unique feature chains of copper and oxygen - in one direction in ihi. ortho, hombically distorted basal plane. 5 Some researchers have
ascribed some significance to the Cu-O chain structure as being important for high-temperature supcrconductisity.

Most apications of.superconductivity require the ability to carry a large amount of current. Current densities on the order of
105 106 A cm , are desired for most applications, both in microelectronics and large-scale high-current high-power applications such

as the generation of large magnetic fields and energy storage. Ihis paper reports preliminary measurements of the current carrying
capacity of bulk ceramics in these two families of materials using pulsed transport techniques.

The discovery of superconductivity above 90 K has spurred intense theoretical interest in the possible mechanisms responsible.
In conventional superconductors. studied since the original discovery of superconductivity in 19 11.6 phonons (lattice %.ibrations)
provide a net attractive interaction among conduction electrons in a narrow range of energy near the Fermi surface. This attractive
interaction allows electron pairs to form and results in a macroscopic quantum state. One consequence o this lower energy condensed
state is /ero resistance. There are many other properties of superconductors besides ,ero resistance. 7 The formal explanation of super-
conductivity, from a microscopic quantum-mechanical point of view. was due to the Bardeen. Cooper. and Schrieffer (BCS) theory.
published in 1957. for which the', were later awarded the Nobel Pri/e. Although numerous other mechanisms of superconductis itv
have been suggested over the years. the BCS theory based on the electron-phonon interaction, is the only one accepted as valid. No
material has yet been found in which superconductivity can be attributed to an, other mechanism. However. the very high critical
temperatures routinely achieved today with the new ceramics has led theorists to question the applicability of the old theory and to
offer alternatives.

8

Less than a year after the discovery of 90 K superconductiity, two new families of materials have been discovered based on
bismuth 9 . 10 and thallium. I1.12 I hese new discoveries created a great interest in the clectronic states of the materials and. in particular.
the charge transfer to and lrot the Cu-O plaics vis-a-vis ilc y "fia-Cu'107 family. With no Cu-U chains in the bismuth and thallium
materials.13 the role of the Bi-O and 11-0 planes is being investigated. One technique described in this paper insolves the measurcment
of the absolute thermoelectric power (thermopower) versus temperature. The thermopower of a material generally yields the sign of the
dominant charge carrier and, as in Hall effect measurements, distinguishes between electron (n-type carriers) and hole (p-type carriersl
conduction. In the first high-temperature superconductors, (LaSrl2CuO4 and YBa2Cu307. both the normal state conductivitv and the
superconductivity have been shown to be due to holelike states. 14 ,15 In the lanthanum material. doping with a divalent element.
barium or strontiuIm, in place ol the trivalent lanthanum. effectively removes electrons from the Cu-O planes leaving conducting holes.

Ii



Also, x-ray photoemission spectroscopy 1.17 shows that doping creates holes in the Cu-O planes. However. in the hea~d doped
lanthanum material 125-percent strontium replacement), es idcnce Irom thermoelectric power measurements extended aboc room
temperature have been reported which suggest that there is also a contribution to the normal conductivits from electrons. IX In the
yttlrim materiaL, empiricalI atom-atom potential calculations, 19 extended II uckel molecular orbital calculations.2 0 and bond-%salence
calculations2 

imply electron transler from the Cu-C planes to the Cu-O chains. In addition, the results ol substitutional studies sl ,ii,
tinc and gallium by Xiau et al 2 2 show that it is the Cu-O planes which are important for superconductivity, rather than the Cu-O
chains, in YBa)Cuti0 7 .

In the bismuth family of materials, one could argue that electrons might be translerred Irom the Bi-O planes to the Cu-O planes
Because bismuth presumably goes into the material in the valence t3 state, partial conversion to bismuth +5 would require hole states
on the bismuth planes and electron states on the Cu-O planes. If such electron transler occurs and the charge carriers in these materials

reside on the Cu-O planes (as in the other copper-oxide superconductors), then conduction would be doe to n-type electronic states.
This would be quite different than in the other copper oxide high-temperature superconducting ceramics, where the superconductls Its
comes from paired hole states. On the other hand. band structure calculations ol Hyl rtsen and Maithciss indicate that the Hi-()
planes in effect dope the Cu-U planes with additional hole- (i.e.. that electrons are transferred from the ('i-O planes to the I-O
planes). 2 3 Assuming these band-structure calctilations ate correct, there may be at n-type contribution to the conducti ity Irot the
Ri-O planes. but the superconductivity would be due to the pairing of holes in the Cu-O planes as observed in all other copper-oxide

superconducting ceramics to date.

For the new class oh bismuth-based mat'rials described by the formula i2Sr2(_'an iCunO2nt4ta. one would like to know the
origin of the charge carriers, whether they are electrons or holes, and which carriers condense into the superconducting phases at high
temperature. The results of thermoelectric power measurements on se\eral samples in the bismuth family are presented which wkill
provide answers to some of these questions.

EXPERIMENTAL TECHNIQUES

All samples were prepared by solid-state reaction of the constituent oxides and. or carbonates. High-purity fine powders ol the
starting materials (obtained Irom Aesar). were mixed in the desired molar ratio, placed in porcelain or alumina crucibles, and calcined
(heated in a furnace to reduce any of the carbonates to oxides) for several hours. The samples were then ground with a mortar and
pestle to a fine powder The calcining, grinding procedure was repeated more than once for some samples. At the end of the calcining
cycle(s), the samples were ground to a powder and pressed into small pellets at a pressure of several thousand pounds per square inch.
The pellets were placed on alumina disks for the final processing cycle in the furnace. 'The furnace atmosphere. either oxygen or air, as
well as the temperature settings and cycle times used, were sample dependent. These and other details of sample preparation are
described in the next section.

The electrical resistance R of the samples was measured with samll dc currents (typically 10 mA) using a lour-probe technique to
eliminate the effects of contact resistance. Wires were soldered to the samples with indium. The sample voltage was taken to be the
average of the difference in values obtained for plus and minus currents. In this way, the contribution of small, unavoidable thermo-
electric voltages is cancelled out. These voltages arise from junctions between two different materials in the measuring circuit in the
presence of a temperature gradient. They exist even at /ero current, and do not change when the current is switched. This precaution is
particularly important when the samples are superconducting. With no switching of the current, a sample with R = U will otherwise
appear to have a small, non-/ero resistance (the parasitic thermoelectric voltage divided by the current).

The resistance measurements, as well as the critical current measurements described below. were performed wA ith the samples in
good thermal contact with a copper stage on the cold-hcad of a closed-cycle He4 refrigerator. In some cases, the temperature-
dependent sample resistance was measured with the sample mounted on a copper sample stage which could be cooled to 77 K by
dipping in liquid nitrogen. This "dip probe" was then withdrawn from the liquid and allowed to slowly warm to room temperature. In
eithei case, the stage (sample) temperature was monitored with a calibrated silicon diode. S..-

For a given temperature below Tc, a superconductor will hase ero resistance only for current densities less than the so-called

critical current density. JolT). As indicated. Jc is temperature dependent, being smallest when the sample is near its critical tempera-
lure. and increases as the temperature is lowered. The method used here for measuring the critical current dcensits is a sariation on the

de. tuur-probe 'echnique used to measure the sample resistance. In both cases, a given current I is applied to the sample, and the -

sample voltage V (related to the sample resistance by Ohm's law V = IRI is measured as the sample slowly warms through the super- ,"
conducting transition. Direct measurement of the critical cutr,nt 

" 
bul samples ulsually requires substantialls larger currents than

would be used in a simple resistance measurement. This fact introduces two complications which dicaic some changes in the exneri-
mental arrangement: sample heating and equipment limitations on the maximum available current.

Sirce '"e itantit'. of itrest is the critical current density. the secr-nil vrobien can b,..iiiiio W b. redu,ng ow, crsfl

section to as small an area as physically possible. This was accomplished b) cutting a slot between the current (and voltage) contacts on 1
the sample. leasing a small bridge between the two sides of the sample.2 4 This bridge forms a "weak link" with respect to the sample's
current carrying capabili'y.

2. .
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Ohmic heating of the sample hy the applied current can raise the sample temperature switll spect to that ol the measuring
thermometer (the diode attached to the samplc stage). Since J. decreases with increasing temperature. uhis elfect I-csult.S In a critical
current density that is smaller than the value that would he measured if the sample were at the same temperature as the thermometer.
The highest resistance (and. therefore, the greatest source of teat) is usually at the point of1 contact between the current-carrying ss ircs
and the sample. Thus, sample heating can he reduced by making tihe contact resistance ;s small as possibhe. I otal contact resistances
on the order of 75 to 100 till %,ere achieved by applying silver paint I(Dupont 4949'") to tile sainples and heating ti a teniperature ,A
about 850 C. 2 5

Another way to avoid sample heating is to reduce the amount of time that current is actual[,, flowing in the sample. A pulsed
technique, which employs low-frequency current pulses applied at a low duty c dc.e is illustrated scheiniaically in Fig. I. A box-car
aerager measures the sample voltage by performing a weighted average o er 25 to 50 pulses, giving a better signal-to-noise ratio than
is possible with single pulse measurements. The duty cycle (pulse width divided by the time lctwecn pulse,) was chosen such that
doubling the pulse width gave no measureable change in the resistance versus temperature characteristics of the sample.

PULSE I N HIGH-CURRENT
GENERATOR OUT OP AMP

SAMPLE 1 S2

OSCILLOSCOPE %

-B SAMPLE
CURRENT

AMPLIFIER iDIFFERENTIAL

tP.
SAMPLE
VOLTAGE

BOX-CAR
AVERAGER

Fig. I. Pulsed Current Technique for the Measurement of .

Critical Current. 5 Jsj,

Another way in which the samples were characterized was by measurement of their absolute thermoelectric power. To measure
the thermopower. a temperature gradient AT is produced across an electrically isolated sample giving rise to a thermoelectric voltage
AV across the sample. The thermoelectric power S (or Seebeck coefficicnt) is given by AV; AT (as AT - 0). The thermopower data
reported below were obtained using a slow ac differential t-chnique.26 A small, slowly oscillating thermal gradient was produced by
alternately heating two parallel quartz blocks which were bridged by the samples. A detailed description of the procedure catl be found
elsewhere.

2 7 The temperature difference AT between the blocks (that is. the temperature drop across the samples) was measured using .--- ,..-%

a copper constantan copper differential thermocouple. The whole apparatus was mounted in a closed-cycle refrigerator in such a way r
that the thermopower and four-probe resistance of the samples could be measured during a single experimental run. Copper wires were
used to measure the voltage difference AV across the sample. The ratio AV AT is then equal to the sample thermopower minus the
thermopower of the copper voltage leads. The temperature-dependent thermopower o1 the copper "oltage leads is. therefore, required
in order to obtain the samples' absolute thermopower. For temperatures below the superconducting transition of a sample. the sample ,
1hernCpowcr is ,cro. 1 htis tact enabied dircet measurement ol the -, ot c !,ad hiciniucpower up to 'as temFcatue. A'oi th e ile

transition, literature values of SCu',28 corrected by the new thermopower scale of Roberts, 29 were used.i

EXPERIMENTAL RESULTS "

A number of samples ouf the YBa2Ct,30 7 family of high-temperature superconductors have been prepared. ltus class of
superconductor was typically calcined in air at about 925 to 9300C. Alter pressing into pellets, they were placed in a, Itrnace in Ilo\ ing
oxygen. sintered at 930 to 955'C for several hours, annealled at about 500' C for a lew hours, and slowly cooled to 2000C.

3 ~~Ii
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Figure 2 shows plots of resistance (normali/ed to that at room temperature) %ersus temperature for the ,ttrium-hascd material,
as well as for several of the rarc-earth substituted analogs. They' all exhibit sharp superconducting transitions between 91 and 95 K,
indicating that the particular element R used in the RBa2Cu30 7 structure plays no significant role in the superconductivity.

lhe temperature dependence of the thermopower and resistivitv of another Y Ba-)Cu 107 sample is presented in Fig. 3. Both sets

of data show the superconducting transition at 94' K. rhe thermopower is positise ahove this temperature. indicating holelike carriers.

Figure 4 illustrates the effect of increasing current density on the resistive transition of a third N'Ba2Cu30 7 sample. As seen in
the figure. the temperature at which the biggest drop in resistance occurs changes %cry little as the current density is increased from 0 75

to 429 A cm 2 The main effect is the development of a "tail- or 1foot" in which the R 0 point is pushed to successi.elv lower tern-
peratures with increasing current. The dual characteristic of the transitio is likely due to the granular nature of this ceramic material

Th.- sample consists of .1 scphson-couplcd superconducting grains separated b grain boundaries or even non-superconducting. otl-
stoichiomctr, material. I he large resistance drop can be associated with the superconducting transition withi the individual grains.
The sample does not go completcly superconducting. however, until the temperature is low enough hor .osephson tunneling hetween
these superconducting grains. lhe temperature dependence of the R =I critical current density for this sample is shown in Fig 5a. and
can he interpreted in terms of the above tunneling model. 30 Figure 5b is described below,.

Samples of the bismuth family of superconductors with ,arious starting compositions and heat treatments have also been
prepared and characteri/ed. they were ty pically calcined in air at N60

0 C. ground. and picssed into pellets The pellets were heated.
again in air, at temperatures between 860 and 880('C for periods of time ranging from 65 to 158 hours, and slowl, cooled to 200'C.

The resistive transitions for four of these samples are shown in Fig. 6. The presence of two distinct superconducting phases. with
transition temperatures near 80 K and 110 K. is suggested by these plots. This is particularly true in the 4-3-3-6 sample (small dashes).
which must contain substantial amounts of both phases.

Resistivi'y and thermopower data from another presumably mixed-phase bismuth-based sample are shown in Fig. 7. The two
transitions are clearly seen in both properties. These data. and the resistivity data of Fig. 6. support the conclusion that these samples
have the composition Bi2Sr2Can lCunO2n+4+5 with a mixture of the n = 2 and n = 3 phases, corresponding to the 80 K and 110 K

transitions. respectively ILike the YBa2Cu 3 0 7 material. holes appear to be the dominant carrier, at least up to room temperature.

Critical current measurements on one of the low Tc bismuth-based samples were also made. and the temperature dependence of
the R = 0 Ic is plotted in Fig. 5b. The difference in the exponents of the critical current density for the yttrium and bismuth materials is
presently being investigated.
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-The results, ol critical current measurements on YBa2(.ujO-7 show, that one call speak ofl two critical curre.nts in these matcriab,
One. the intrinsic critcal current. dete.rmined h% the midpoint of tile transition, s estimated hy extrapolation to he grt.atcr tihan 10-|
,A tm 2 

at 77 K On the other hand, the wcak-hink critical current. as, meas ured hv the point of ,icro resisrtance. appears it) be limited h,

intercr~stalline boundaries and ir nonsuperconducting region,, II1 th,- matecrial. Since thin, oriented flmslr ha~c demonstrated large
intrinNic critical currents. the current carr ,ing capacity o1 these cerani~C, ocan he large IThe iethnological 1SULC is vhcthcr these rliateiial,
can be produced in bulk ceramic form in such a way as, to eliminate the weak links,.,

Additionally,. we hav e presented .onclusie e'.dcnce that the two high-tcmpcrature superconducti~c transition,,, near SO) K ,and .
110 K. in the Bi2)Sr2Ca n  iCunOlrn+4+65 lamiIN of superconductors are due to holclike statec., a , is, the case wi th ail other high- ' I
temperature copper-oxide superconductors, discovered to date. Ilhe p-type carriers most hikciy arnc from electron charge Iran,,Ierrcd -
from the Cu-O plane% ito the Bi-(' inicrplanar regions. perhaps, to extra ox -gen iics' which aie pattal1l. iccupied. I urtht.. c,.cn though .
hole ci\ihIs dominate hthe electrlcalnc ¢l trans~port,,) layre ,Lm raha .e preselcntI c,.idcncte that ck'ct ron,. as we ll as, holh.'s, c Ont rihul ic t.' he ) llln l s.talc(" i
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